Cleidocranial dysplasia (CCD) in humans is an autosomal-dominant skeletal disease that results from mutations in the bone-specific transcription factor RUNX2 (CBFA1/AML3). However, distinct RUNX2 mutations in CCD do not correlate with the severity of the disease. Here we generated a new mouse model with a hypomorphic Runx2 mutant allele (Runx2 neo7 ), in which only part of the transcript is processed to full-length (wild-type) Runx2 mRNA. Homozygous Runx2 neo7/neo7 mice express a reduced level of wild-type Runx2 mRNA (55 -70%) and protein. This mouse model allowed us to establish the minimal requirement of functional Runx2 for normal bone development. Runx2 neo7/neo7 mice have grossly normal skeletons with no abnormalities observed in the growth plate, but do exhibit developmental defects in calvaria and clavicles that persist through post-natal growth. Clavicle defects are caused by disrupted endochondral bone formation during embryogenesis. These hypomorphic mice have altered calvarial bone volume, as observed by histology and microCT imaging, and decreased expression of osteoblast marker genes. The bone phenotype of the heterozygous mice, which have 79 -84% of wild-type Runx2 mRNA, is normal. These results show there is a critical gene dosage requirement of functional Runx2 for the formation of intramembranous bone tissues during embryogenesis. A decrease to 70% of wild-type Runx2 levels results in the CCD syndrome, whereas levels >79% produce a normal skeleton. Our findings suggest that the range of bone phenotypes in CCD patients is attributable to quantitative reduction in the functional activity of RUNX2.
INTRODUCTION
Skeletogenesis occurs by two distinct osteogenic processes: intramembranous and endochondral bone formation. Both processes require mesenchymal cell condensation leading to the formation of cartilage and bone tissues, respectively. Craniofacial and clavicle development are highly dependent on normal intramembranous bone formation, whereas the axial skeleton develops by endochondral bone formation. The RUNX2 transcription factor is well established to be required for both types of bone formation and is implicated in mesenchymal-epithelial interactions in tooth development (1) (2) (3) (4) . Null mutation of Runx2 in mice results in neonatal lethality with a complete absence of bone tissue, defective hypertrophic chondrocytes and lack of differentiated osteoblasts (5) (6) (7) (8) . RUNX2 mutations in humans are responsible for cleidocranial dysplasia (CCD), an autosomal-dominant heritable skeletal disease characterized by open or delayed closure of calvarial sutures, hypoplastic or aplastic clavicles and supernumerary teeth (9, 10) . Heterozygous disruption of the Runx2 locus in mice produces a CCD phenotype except for the teeth (6, 8) . These and other studies of human CCD have identified multiple phenotypes owing to mutations in the RUNX2 gene (10, 11) .
Runx2 is characterized by a highly conserved runt homology DNA-binding domain (RHD) in the N-terminus, and the C-terminus contains a nuclear matrix-associated regulatory domain (nuclear matrix-targeting signal-NMTS) that targets Runx2 to subnuclear foci (12) . Runx2 association with the † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. ‡ Present address: Institute of Oral Health Research, School of Dentistry, University of Alabama at Birmingham, AL 35294, USA.
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To whom correspondence should be addressed. Tel: þ1 5088565625; Fax: þ1 5088566800; Email: janet.stein@umassmed.edu, jane.lian@ umassmed.edu nuclear scaffold facilitates interaction with many co-regulatory proteins and chromatin-modifying complexes for the regulation of gene transcription. Mice homozygous for the deletion of the NMTS domain in exon 8 (Runx2DC) do not form bone owing to the maturational arrest of osteoblasts (7) . Heterozygotes exhibit the absence of clavicles (7, 13) and a delay in calvarial bone formation. These phenotypes indicate that the C-terminal domain is as critical for the function of Runx2 in skeletogenesis as the DNA-binding domain.
In CCD patients, many monoallelic mutations of RUNX2 have been identified, including deletion, missense, nonsense and frameshift mutations (9 -11) . The majority of these mutations are clustered in the N-terminal RHD, and several positions emerge as mutational hotspots (11) . Most of these RHD mutations result in premature termination and presumably defective DNA binding. Other mutants can express full-length RUNX2 (FL-Runx2) but are predicted to exhibit impaired binding of the Cbfb partner protein to the runt domain structure. It has been suggested that the CCD mutations create nonfunctional, dominant-negative or partially defective RUNX2 proteins (11, 14) . Recent studies indicate that some skeletal and dental defects, as represented by short stature and supernumerary teeth, show significant differences in individual CCD patients that are related to the residual transactivation potential that remains in mutant RUNX2 proteins (11) . Because all CCD patients exhibit craniofacial defects, it has been proposed that intramembranous bone formation may require a high level of functional RUNX2. However, what range or extent of functional loss in RUNX2 causes the CCD defects has remained obscure.
We have performed gene-targeting experiments in mouse embryonic stem (ES) cells and have generated a novel, hypomorphic Runx2 mutant allele (Runx2 neo7 ) through the insertion of a neomycin cassette (neo) into intron 7. In the resulting mice, the normal splicing of Runx2 is partly disrupted and a Runx2-neo chimeric mRNA encoding a truncated protein is produced. Homozygous mutant mice (Runx2 neo7/neo7 ) express only 55-70% of the normal amount of correctly spliced mRNA and thus a decreased amount of Runx2 full-length protein, resulting in a CCD phenotype. Skeletal defects do not occur in heterozygous mice (Runx2 þ/neo7 ) with 79-84% of wild-type Runx2 levels. Studies reveal that a critical threshold is crossed between 79% (normal phenotype) and 70% (CCD phenotype) of the wild-type Runx2 activity, which results in CCD phenotypes. Our studies have established the Runx2 genedosage requirement for the normal bone development.
RESULTS

Generation of a hypomorphic Runx2 allele in mice
Previous gene-targeting experiments in mice have shown that the insertion of a PGK-driven neomycin resistance cassette (PGKneo) into an intron can interfere with normal splicing (15 -17) , thereby reducing the wild-type mRNA expression level of a target gene. In generating mouse models to study Runx2 functional domains, we identified a hypomorphic allele resulting from the insertion of the PGKneo cassette in intron 7 (Runx2 neo7 ) (Fig. 1) . PGKneo was subsequently removed and the Runx2 loxp7 allele was generated. Figure 1B shows a schematic diagram of the Runx2 genomic locus and the targeting strategy. The targeted mouse ES cells were identified by a series of Southern blots using different probes (Fig. 1C, D and E) . Genotypes of animals were determined routinely by PCR (Fig. 1F ) and confirmed by Southern Blot analysis using the probes described (data not shown). The heterozygous and homozygous mutant mice were viable and fertile.
To examine the extent of alternative splicing and the products generated by the Runx2 neo7 allele, we used reverse transcription -polymerase chain reaction (RT -PCR) analysis ( Fig. 2A) of calvarial mRNAs. We identified alternatively spliced RNA between exon 7 and neo (V1), as well as between neo and exon 8 (V2) ( Fig. 2A) in Runx2 neo7/neo7 homozygotes (Fig. 2B) . These hybrid transcripts were not present either in Runx2 loxp7/loxp7 homozygotes or in wild-type animals (Fig. 2B) . Normal splice products between exon7 and exon8 were detected in all the mice (Fig. 2B bottom panel) . Nucleotide sequences of the V1 and V2 hybrid mRNAs were analyzed by directly sequencing RT -PCR products. The V1 hybrid mRNA presumably encodes a truncated Runx2 protein according to the reading frame of the sequence (Fig. 2C , middle panel). The truncated protein was identified by western blot in Runx2 neo7/neo7 homozygous mice (Fig. 2D) . The FL-Runx2 protein was visible but no truncated Runx2 was found in Runx2 loxp7/loxp7 homozygous or wildtype mice (Fig. 2D) . The quantitative results (measured by density of bands) show that the expression of FL-Runx2 in Runx2 neo7/neo7 homozygous mice was decreased to 65% of that in wild-type mice (Fig. 2E) . Taken together, these data indicate that the introduction of PGKneo into intron7 results in alternative splicing between neo and exons 7 and/or 8 of Runx2, leading to the expression of a mutant Runx2 protein with a deleted C-terminus.
In order to quantify the relative abundance of hybrid and full-length mRNAs resulting from mutant or WT alleles, we performed real-time quantitative PCR using cDNA prepared from calvarial osteoblast cells at confluency (Fig. 2F) . In wildtype mice, the level of total (exon 4 -exon 5) and full-length (exon 7 -exon 8) Runx2 mRNA is similar, 1.7 Â 10 4 + 0.2 Â 10 4 and 1.8 Â 104 + 0.3 Â 10
4
, respectively, and no hybrid mRNA was detected. However in homozygous Runx2 neo7/neo7 mice, the FL-Runx2 mRNA (1.4 Â 104 + 0.1 Â 10 4 ) was decreased to 61% of the total (exon 4 -exon 5) Runx2 mRNA (2.3 Â 10 4 + 0.2 Â 10 4 ), and hybrid Runx2-neo mRNA was present. We then measured the percent of wild-type Runx2 mRNA in individual Runx2 neo7/neo7 , Runx2 þ/neo7 and wild-type mice. The result shows that wild-type Runx2 mRNA was reduced to 55-70% in homozygous and 79-84% in heterozygous animals (Fig. 2G) . Thus the PGKneo insertion into the Runx2 gene reduces the level of FL-Runx2 mRNA and causes dosage insufficiency of Runx2 in Runx2 neo7/neo7 homozygous mice.
of osteoblasts and bone (5-8), Runx2 neo7/neo7 transgenic mice survive after birth to adulthood. The weight differences are not significant between newborns of Runx2 neo7 homozygous and wild-type mice (Fig. 3A) , and no remarkable differences in weight gain were observed through 6 weeks of post-natal growth (Fig. 3B) . Also, no statistically significant differences of long bone length between Runx2 neo7/neo7 and wild-type mice were observed for newborns or at 6 weeks of age (Fig. 3C ). These initial findings indicate that the 55-70% of wild-type Runx2 level remaining in the homozygotes supports mouse viability. In order to determine whether the loss of Runx2 activity produces a skeletal phenotype in these transgenic mice, we investigated bone structures beginning from the post-natal period. were used for Southern blot analysis, respectively, and the expected fragment sizes were detected for the wild-type and mutant alleles in two correctly targeted ES cell clones (E5 and C11). (F) Genotyping by PCR analysis of mouse tail genomic DNA from WT (þ/þ), neo7 heterozygous (þ/neo7), neo7 homozygous (neo7/neo7), LoxP7 heterozygous (þ/loxP7) and LoxP7 homozygous (loxP7/loxP7) animals. Bands corresponding to amplification products for the I7F/I7R and NEO/I7R primers are indicated on the right. The diagram shows the primer locations, and the sequences are listed in Table 2 .
Skeletal phenotypes of newborn mice from Runx2 neo7/neo7 homozygotes and wild-type animals were initially determined from alizarin red/alcian blue (AR/AB)-stained skeletons. Wild-type and homozygous animals displayed similar proportions of cartilage and mineralized bone tissues (i.e. ribs, vertebra and limbs) (Fig. 3D) . These results suggest that endochondral bone formation was not severely impaired. In contrast, the calvarial bones show reduced ossification in Runx2 neo7/neo7 mice (Fig. 3D) . In order to clarify the phenotypes in calvaria and clavicles, these bones were excised from the AR/AB-stained mice (Fig. 3E-H) . Wide sutures, reduced basisphenoid bone (Fig. 3E, arrow) and increased non-osseous tissue between the parietal bones (Fig. 3E , dotted line), were evident in all newborn Runx2 neo7/neo7
littermates. The same mice (as in Fig. 3E ) also displayed clavicle defects (Fig. 3F ), which were retained during the postnatal growth period of 5 days (Fig. 3G ) and 3 weeks (Fig. 3H ). Broken and misshapen clavicles were observed in all of the homozygotes (n ¼ 25). No remarkable defects of calvaria or clavicles were observed either in newborn Runx2 þ/neo7 heterozygotes or in Runx2 loxP7/loxP7 mice, where the neo insertion was removed (data not shown). Taken together, these results indicate that Runx2 dosage insufficiency causes hypoplastic clavicles and defects in calvarial bone formation.
At 6 weeks of age, all of the Runx2 neo7/neo7 mice (n ¼ 13) displayed similar developmental defects as were observed at birth ( Fig. 3I and J) . Radiography of the calvaria shows non-osseous tissue at the junction of the posterior frontal suture and coronal neo7/neo7 and Runx2 loxp7/loxp7 mice. WT, wild-type Runx2; T, truncated Runx2. The band located near the "T" position in the þ/þ lane is non-specific. Tubulin (shown at the bottom) was used as a loading control. (E) The relative protein expression level was quantified by ImageJ software. (F) Real-time quantitative RT-PCR analysis for the Runx2 isoforms using isolated osteoblasts (at confluency) from calvaria of newborn mice. All the measured data were normalized to 28S RNA. Values are the mean (indicated in each column) + the SD of independent samples (n ¼ 4 mice/group). E4-E5: primers span exons 4 and 5; E7-E8: primers span exons 7 and 8; E7-neo: primers span exon 7 and neo cassette. (G) The ratio of full-length (wild-type) Runx2/total Runx2 mRNA was calculated for individual wild-type (þ/þ) (n ¼ 4), heterozygous (þ/neo7) (n ¼ 3) and homozygous (neo7/neo7) (n ¼ 4) mice. Duplicate analysis of each sample was performed by real-time quantitative RT-PCR (see Materials and Methods). The SD for each sample was in the range of 0.002-0.02. (Fig. 3I , dotted line), with either short clavicles (as shown in Fig. 3H ) and/or thin clavicles that had not broken in 6-week-old Runx2 neo7/neo7 mice as shown in Fig. 3J (arrow). These same calvarial defects were noted in Runx2 þ/DC heterozygotes ( Fig. 3I ), but in contrast, no clavicles are observed in the Runx2 þ/DC animals ( Fig. 3J ). To better understand the partial formation of clavicles in the Runx2 neo7/neo7 homozygotes, histological studies were performed on 5-day-old mice. Radiographs and toluidine blue-stained clavicle sections representative of n ¼ 3 wild-type and Runx2 neo7/neo7 mice are shown in Figure 3K and L. For wild-type mouse, normal endochondral and intramembranous bone development occurs at two ossification centers to form a single ossification which is observed in the clavicle at day 5 ( Fig. 3K) . However in the Runx2 neo7/neo7 mice, truncations of clavicle development are observed. In the radiograph (Fig. 3L ), a pseudoarthrosis joint is formed, as also seen in the 3 week clavicle (Fig. 3H) , because either fusion of the two growth centers (lateral and medial) did not occur or the clavicle fractured. Histology revealed that segments of cartilaginous clavicle tissue initiated from the medial side, but there is very little intramembranous bone that forms on the lateral side of the clavicle throughout all the sections (Fig. 3L ). The cartilage tissue contains a disorganized growth plate, but with hypertrophic chondrocytes. These results emphasize the differences in phenotypes of wild-type, Runx2 neo7/neo7 (55 -70% of wild-type Runx2 mRNA level) and Runx2 þ/DC mice (50% of 
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Human Molecular Genetics, 2009, Vol. 18, No. 3 wild-type Runx2 mRNA level). The latter is completely missing their clavicles (Fig. 3J) . The histological appearance of the clavicle from Runx2 neo7/neo7 mice suggests that intramembranous bone formation was disrupted at several times during clavicle development. The calvarial and clavicle defects that occur during embryonic development of the skeleton are not corrected during post-natal growth.
The phenotypes of Runx2 neo7/neo7 mice were also evaluated by mCT analysis to determine changes in bone structure at 6 weeks of age (Fig. 4) . The images show that the basisphenoid bone is smaller in Runx2 neo7/neo7 animals than in wild-types, resulting in a prominent lambdoid suture at the base of the calvaria (Fig. 4A, arrow) . A decrease in both total area (TA) and bone area (BA) of the calvaria (Fig. 4B ) was observed in Runx2 neo7/neo7 mice compared with wild-type, whereas mineralization of the remaining calvarial tissue was not affected, which is reflected by tissue density (Fig. 4B , Tis. Den). In order to determine whether the Runx2 dosage insufficiency caused a change in limb bones during post-natal development, femurs from 6-week-old adult Runx2 neo7/neo7 and wild-type mice were selected for analysis. No femur abnormalities were apparent in Runx2 neo7/neo7 mice by radiographic examination (data not shown). However, reductions in spongy bone were revealed by mCT imaging analyses (Fig. 4C) showing decreased bone volume/tissue volume (BV/TV) and trabecular number (Tb. Num), as well as increased trabecular spacing (Tb. Sp) (Fig. 4D) . In femurs of these neomycin knock-in mice, the apparent density (Fig. 4D , App. Den) is moderately decreased but tissue density is normal (Fig. 4D , Tis. Den), which indicates that mineral content of mature bone is not impaired in Runx2 neo7/neo7 mice. Moreover, in cortical bone of Runx2 neo7/neo7 mice, we find no change from WT in cortical thickness, tissue density and bone porosity, which reflects bone resorption (data not shown). In the adult mouse, the decrease in bone tissue volume and area in calvaria, as well as decreased trabecular number in long bone, indicates that the 30 -45% decrease in wild-type Runx2 in the homozygous mouse has an effect on bone architecture, whereas the 20% reduction in the heterozygous mouse does not (data not shown). Taken together, these findings suggest that during embryonic development, intramembranous bones (i.e. calvarium, clavicle) are more sensitive to requirements for sufficient Runx2 expression, and during post-natal growth, the reduced Runx2 levels continue to affect bone formation.
Reduced Runx2 expression causes early defects in suture tissue that compromise calvaria
We further examined the defects in bone formation arising from the calvarial sutures in the Runx2 neo7/neo7 mice. The two-dimensional coronal mCT images of the sagittal sutures (Fig. 5A) reveal that the right and left parietal bones of wild-type animals are interposed in the patent Ã P , 0.1; ÃÃ P , 0.05; ÃÃÃ P , 0.01. We also observed similar trends in a third litter from a different generation (data not shown).
Human Molecular
suture. However, in the Runx2 neo7/neo7 mice, there is a wide gap between the parietal bones, and the typical patent sagittal suture is not formed (Fig. 5B) . The histological appearance of the sutures was analyzed from serial coronal sections of calvaria taken from 6-week-old adult mice ( Fig. 5C and D) . The posterior frontal suture of wild-type animals has fused completely across its endocranial and ectocranial surfaces in all sections (Fig. 5Ea -d ), as has been described previously (18) . With deeper cut sections, the posterior frontal suture displayed normal bone and marrow tissue. In Runx2 neo7/neo7 mice, the posterior frontal suture appears normal in radiographic images (Fig. 5D) ; however, histological analysis revealed irregular tissue between interparietal bones instead of the normal bony bridge structure (Fig. 5Ea versus 5Fa) . In areas without osseous tissue, a thin layer of fibrous tissue connected the parietal bones, and this area was narrower in width than wild-type ( Fig. 5E and F, compare b -d; see also Fig. 5A and B). In conclusion, the histological appearance of the suture at 6 weeks of age in Runx2 neo7/neo7 mice provides evidence that 55 -70% of wild-type Runx2 levels are not sufficient to support normal differentiation of sutural mesenchymal cells to osteoblasts in the developing embryo.
Reduction of functional Runx2 dosage alters the expression of osteoblast marker genes and delays cellular differentiation
The levels of total and FL-Runx2 mRNAs were compared using whole calvarial tissue from wild-type and Runx2 neo7/neo7 mice at two different stages of growth (day 2 and 6 weeks). No significant changes were observed in total Runx2 mRNA between wild-type and Runx2 neo7/neo7 mice, whereas the FL-Runx2 mRNA level in Runx2 neo7/neo7 mice is reduced to 40-50% of that found in whole calvaria of wild-type mice at both ages (Fig. 6) . The results suggest that the Runx2 dosage insufficiency persists during post-natal growth.
To investigate the molecular mechanism(s) causing the calvarial developmental defects of Runx2 neo7/neo7 mice, we selected several osteogenic markers and quantified their levels in the same calvarial tissue in which Runx2 expression was assayed. Age-dependent changes of these mRNAs in wild-type mice were similar to previous studies reflecting osteoblast activity (Fig. 6) (4,19) . In 2-day-old Runx2 neo7/neo7 mice, (Fig. 2E) , FL-Runx2, Alk Phos, Col I, OC, Osx, osteopontin and histone H4 in the whole calvaria (cleaned from soft tissue) of wild-type (þ/þ) and Runx2 neo7/neo7 (neo7/neo7) mice at 2 days (D2) (n ¼ 5/group) and 6 weeks (6 Wks) (n ¼ 4/group) of age, respectively. All measured data were normalized to mHPRT. Values are the mean + the SEM of independent samples. Student's t-test was applied for statistical analysis.
Ã P , 0.1; ÃÃ P , 0.05; ÃÃÃ P , 0.01.
562
Human Molecular Genetics, 2009, Vol. 18, No. 3 alkaline phosphatase (Alk Phos), an early marker of the postproliferative osteoblast phenotype, decreased to 60% of normal, but no significant differences in Alk Phos levels were observed between Runx2 neo7/neo7 and WT mice at 6 weeks when Alk Phos expression is reduced to low levels (Fig. 6) . Compared with wild-type mice, the expression of type I collagen (Col I), a marker of matrix maturation, and osteocalcin (OC), a marker of mature mineralized tissue, was normal in calvaria of 2-day-old Runx2 neo7/neo7 mice, but significantly decreased in 6-week-old Runx2 neo7/neo7 mice (Fig. 6) . Osterix (Osx), a transcription factor that is also essential for osteoblast differentiation and tissue mineralization (20) and regulated by Runx2 (21, 22) , was also reduced at 6 weeks (Fig. 6 ). There was no significant change in osteopontin levels between wild-type and mutant mice (Fig. 6) , consistent with other findings that Runx2 is not a strong regulator of osteopontin (reviewed in 23). Because differentiation markers are often inversely related to cell proliferation, we examined histone H4 expression which is coupled to DNA synthesis. We find a higher expression level of histone H4 in 2-day-old Runx2 neo7/neo7 mice, whereas histone H4 expression is equivalent in adult mice (Fig. 6) . Overall, these changes in the gene expression of the Runx2 neo7/neo7 mice indicate the impaired differentiation of osteoblasts in the calvarial tissue.
Next, we determined cell autonomous abnormalities of osteoblast differentiation and proliferation ex vivo using calvaria-derived osteoblasts. Cells from Runx2 neo7/neo7 mice demonstrated a significantly enhanced proliferation compared with wild-type cells (Fig. 7A) , analogous to the phenotype of Runx2 null mouse models (24) . The differentiation of cultured osteoblasts from Runx2 neo7/neo7 mice was reduced relative to those from wild type, as measured by Alk Phos staining (Fig. 7B) as well as by the expression of Alk Phos, OC and Col I mRNAs at days 7, 14 and 21 in culture (Fig. 7C) . During the differentiation time course, the expression of FL-Runx2 in Runx2 neo7/neo7 osteoblast cells was maintained at 60% of that in wild-type osteoblasts (Fig. 7C) . We also find the expression of histone H4 mRNA in Runx2 neo7/neo7 osteoblasts was enhanced at the early stage of differentiation (day 7), analogous to in vivo studies (Fig. 6 ), but dropped to normal levels in the mineralization stage (Fig. 7C) .
Taken together, our results suggest: (i) Runx2 dosage insufficiency causes enhanced proliferation of osteoblasts, which is consistent with its role in contributing to exit from the cell cycle (24, 25) ; (ii) a decrease of Runx2-dependent osteoblast differentiation at the neonatal age is directly reflected by decreased Alk Phos and OC expression in both calvarial tissue and isolated osteoblast cells and may represent decreased numbers of committed osteoprogenitors as suggested from mCT parameters; and (iii) the decreased expression of Col I, OC and Osx reflects the histology of calvaria of 6-week-old Runx2 neo7/neo7 mice, which have less bone tissue present compared with wild type.
Runx2 dosage insufficiency does not disrupt growth plate maturation
Because Runx2 is important for hypertrophic chondrocyte maturation, growth plate histology was examined in neonatal pups (2-day-old) and adult (6-week-old) mice to determine whether loss of Runx2 functional activity in Runx2 neo7/neo7 mice will affect normal chondrocyte differentiation and maturation. The epiphyses of long bones from both wild-type and Runx2 neo7/neo7 mice display normal cartilage tissue and organization of growth plate chondrocytes at both ages (Fig. 8A -D) and in both sexes (data not shown). To be certain that no molecular differences occurred during chondrocyte maturation, we isolated the growth plate zone from long bones of day 5 mice (Fig. 8A and B) for the analysis of the levels of cartilage maturation markers as well as FL-Runx2 (exon 7-exon 8). The FL-Runx2 in homozygous Runx2 neo7/neo7 mice was 60% of that in wild-type mice (Fig. 8E) . We found no significant differences in the Runx2 target genes type X collagen and VEGF (Fig. 8E) , which are important for endochondral bone formation (26, 27) . We conclude that during endochondral ossification, reduction of functional Runx2 levels to 55-70% of normal does not affect the sequence of chondrocyte maturation, matrix synthesis by chondrocytes or mineralization of cartilage matrix. Further evidence for a minimum requirement for Runx2 at early stages of osteoblastogenesis
In the transition of a pluripotent mesenchymal cell to a committed osteoprogenitor cell, Runx2 levels must increase. From studies of the hypomorphic Runx2 neo7/neo7 mouse, we have determined that heterozygotes with 79-84% of wild-type Runx2 have a normal skeleton, whereas the 30-45% reduction in the Runx2 neo7/neo7 mouse results in a CCD phenotype. Thus we have defined a critical threshold level which is .70% of wild-type Runx2, which is required for normal skeletal development. We have summarized the CCD-like phenotypic features of all Runx2-deficient mouse models, together with the percentage of wild-type Runx2 mRNA levels (Table 1 ).
DISCUSSION
Our study describes an informative hypomorphic mouse model that reveals the relationship between RUNX2 gene dosage and distinguishable CCD phenotypic features found in patients with CCD (reviewed in 10). Genetic and molecular data demonstrate that the insertion of a neomycin cassette into intron 7 (neo7) has generated a hypomorphic Runx2 allele that reduces the expression of wild-type Runx2. The Runx2
heterozygote mouse exhibits 20% reduction in Runx2 but no phenotype is observed. However, the Runx2 neo7/neo7 homozygote with !30% reduction of Runx2 levels has CCD-like defects in calvaria and clavicle tissues and subtle defects in the amount of trabecular bone tissue in the femur of 6-week-old mice. Thus, a decrease in wild-type Runx2 expression over a narrow interval from 20-30% defines the difference between normal and defective bone formation and establishes a critical level of Runx2 functional activity that must be maintained during development to prevent bone abnormalities and during post-natal growth to maintain adequate bone formation. Significantly, cell autonomous defects in osteoblast proliferation (enhanced) and differentiation (reduced) were confirmed in ex vivo calvarial isolated cells. Our studies suggest that the spectrum of bone abnormalities in CCD patients is related to the level of functional activity of RUNX2, which is determined by both the amount of the mutant protein and the type of mutation (10, 14, 28) .
The main clinical features of human CCD include persistently open skull sutures, hypoplasia or aplasia of the clavicles, dental anomalies and a delay in vertebral formation (10, 29) . Previous studies have demonstrated that the human CCD phenotype can be caused by various RUNX2 gene mutations (10,11,29 -34) . Whereas 61% of the mutations identified reside in the Runt domain, 23% occur in the C-terminus including the NMTS-activating domain of RUNX2 (30 -32) . 564
All of the mutations in the Runt homology domain result in a CCD phenotype, but the various RHD mutations could not be correlated with the severity of these multiple phenotypes as reported in numerous studies from different countries (11,30,33 -35) . However, from phenotypic information of patients with RUNX2 C-terminal mutations, a hypothetical genotype -phenotype correlation was suggested (28) . Considering that the RUNX2 C-terminus contains the subnuclear matrix-targeting signal and activation domain which is necessary to direct RUNX2 to subnuclear locations for maximal transactivation and organization of RUNX2 with co-regulatory proteins (e.g. Smads) essential for normal bone formation (4, 7, 36) , different mutations or deletions in the RUNX2 C-terminus will cause different levels of reduction in RUNX2 biological activities which may be related to the phenotypic variations in CCD. Our comparison of the existing Runx2 null and heterozygous mouse models with a newly generated hypomorphic mouse (Table 1) suggests that the level of RUNX2 function may be the critical determinant for the correlation to the severity of the human CCD phenotype. From a clinical perspective, it has been reported that in some CCD patients, a RUNX2 mutation could not be detected (11) . This finding implies that in those patients, the level of RUNX2 activity may be decreased as a result of a defect in promoter activity or in the interaction between RUNX2 and one of its co-activator proteins such as the Cbfb DNA-binding partner (34 -36) .
A small percent of patients have complete absence of clavicles (10, 29) , analogous to the Runx2 þ/2 and Runx2 þ/DC mouse models (5,7), but the majority of CCD patients display hypoplastic or aplastic clavicles. The clavicle has two ossification centers; one medial which condenses first into cartilage, and the lateral center which undergoes intramembranous bone formation (37 -39) . Our hypomorphic Runx2 neo7/neo7 mouse initiates the development of the cartilaginous center of clavicles, but the clavicles are partially disrupted in formation during development and are abnormally thin compared with wild type. Intramembranous bone formation of the clavicle did not progress in the mutant embryo. Thus different patterns of abnormally shaped clavicles are found in the Runx2 neo7/neo7 mice, in contrast to Runx2 þ/2 mice (50% loss of Runx2) with completely missing clavicles (5, 40) . The clavicle is the first bone to begin the process of ossification during embryogenesis, but also takes the longest time to complete maturation (39) . Our study suggests that a low level of functional Runx2 protein can continually interrupt clavicle ossification during normal embryogenesis and early post-natal growth, and these defects are retained in adult mice. Thus the Runx2 neo7/neo7 mouse provides a better understanding of the biochemical and molecular basis of the human CCD disease related to gene dosage effects that more severely affect intramembranous bone formation during embryonic development.
In vivo, we find that the size of the skull bone is not affected in the Runx2 neo7/neo7 mouse, but mice develop a clearly defined non-mineralized area between the coronal and posterior frontal suture of the calvarium. This area represents a small percent of the total bone (Fig. 5) . Histology shows that bone tissue on either side of the suture is not well developed, which is consistent with a reduction in the early osteoblast markers Osx and Alk Phos, and in OC, a late mineralization marker in calvarium. These changes are likely reflecting the increased amount of non-osseous tissue throughout the calvarial posterior frontal suture of the Runx2 neo7/neo7 mouse compared with wild-type mouse, and possibly impaired osteoblast differentiation from decreased Runx2 expression. The decreased Runx2 levels appear to have the greatest effect during the early development of intramembranous bones (calvaria and clavicle) when mesenchymal cells in the suture require a Runx2-generated signal to commit to the osteoblast lineage. In other studies, high expression of Runx2 was found in sutural mesenchyme, osteogenic fronts, and in the critical area of closure of cranial sutures of the parietal bones (41, 42) . Notably, other skeletal inherited diseases, such as Apert, Beare -Stevenson, Crouzon and Pfeiffer syndromes, are characterized by craniosynostosis, which results in premature suture closure, skull deformity and symmetric bony syndactyly of the hands and feet (43) . In those patients, the level of functional RUNX2 is abnormally induced because of activating mutations in the FGF-receptor signal pathway. Thus, combined with our findings, the phenotypes of loss or gain of functional RUNX2 in human disorders suggest that the normal development of the skeleton, especially of calvaria, is highly dependent on the level of functional Runx2 protein. Together, these observations indicate that a sufficient dosage of Runx2 is essential for the normal mesenchymal cell differentiation and osteoblastic maturation at the osteogenic fronts interfacing with mesenchyme.
A cell autonomous defect in osteoblasts of the Runx2
hypomorph is suggested by the decreased trabecular number found by mCT studies. As reported previously for Runx2 null or Runx2DC calvarial osteoblasts (24, 44) , osteoblasts from Runx2 neo7/neo7 homozygous mice also showed an enhanced proliferation rate, indicating that the role of Runx2 in supporting exit from the cell cycle is critical. Another important role for Runx2 in early development is an epigenetic function to support phenotype stability in osteoprogenitor cells through Runx2 association with mitotic chromosomes (45) . Impaired For the Runx2 null heterozygous mouse (þ/2), the CCD syndrome was described as hypo-plastic clavicle and abnormal calvarial development as well as a nasal bone defect. The Runx2 neo7/neo7 homozygous mouse (neo7/neo7) has clavicle and calvarial defects of CCD syndrome, but no nasal bone abnormality was observed. osteogenesis is revealed by decreased expression of several bone markers in calvarial tissue and cultured osteoblasts. The 55-70% remaining functional wild-type Runx2 in homozygous Runx2 neo7/neo7 mice is apparently not sufficient to commit an adequate number of osteoprogenitors to mature osteoblasts and to drive osteoblasts to the final differentiation stage ex vivo. However an adequate number of osteoblasts are produced in the late embryo and post-natal mouse to form skeletal structures. Interestingly, we did not find abnormalities in the morphology of the growth plate for the progression of endochondral bone formation. However, some CCD patients have shorter limbs, and a severe growth plate abnormality was characterized in a fetus with CCD (46) .
In conclusion, we have described a Runx2 dosageinsufficiency mouse model with typical CCD phenotype. Our genetic analyses provide new insight into the connection between modest changes in Runx2 levels and the display of the CCD phenotype. Our mouse model together with previous clinical studies suggests that the defects of skeletal structures in CCD patients are consistent with the extent to which mutants reduce the level of RUNX2 functional activity.
MATERIALS AND METHODS
Mice
A genomic fragment containing the 3 0 -end of the mouse Runx2 locus was obtained from the genomic DNA of AB2.2 mouse ES cells. The whole fragment was confirmed by sequencing and was then subcloned into pBluescript SKþ vector (Invitrogen). Subsequently, the PGKneo-cassette flanked by loxP sites (47, 48) was inserted into intron 7 with NotI site, and a thymidine kinase (TK) gene was inserted into intron 6 with NheI site. The final target vector was linearized by SalI and electroporated into AB2.2 ES cells. We grew them under double selection. We digested DNA of individual double-resistant clones with BamHI or EcoRI and then probed them with different external and internal probes as described in Fig. 1B . Two independently identified homologous recombinant clones were used for blastocyst injection. Chimeric mice were bred to C57BL/6 mice to yield heterozygous mice which were then interbred to yield homozygous mutant animals.
Female heterozygous mice were crossed with male protamine-Cre recombinase transgenic mice (49) to remove the PGKneo-cassette from the Runx2 genome. All of the generated offspring were identified by Southern blot as described earlier and PCR genotyping with the primers described in Fig. 1F . The sequence of primers is listed in Table 2 . All animals in the study were housed in pathogen-free facilities and monitored carefully.
RT -PCR and western analysis
Total RNA was isolated from calvaria tissue using TRIzol reagents (Invitrogen). One microgram of RNA was treated with RNase-free DNaseI (Zymo Research) and reverse transcribed into cDNA using SuperScipt II Reverse Transcriptase (Invitrogen). The following PCR reactions were performed with the following primer pairs: E7 and E8, E7 and NR, NF and E8 (sequence as in Table 2 ). The PCR parameters are 958C (3 min), followed by 35 cycles of 958C (1 min), 568C (1 min) and 728C (1 min), then ended by 728C (10 min). PCR products were purified and sequenced to identify the Runx2-neo chimeric transcript. Total protein was isolated directly from calvaria of 12-week-old mice. The protein lysates were resolved by 8% SDS/PAGE, and western blot analysis was performed by using a mouse monoclonal Runx2 antibody (31), followed by incubation with a goat peroxidase-tagged anti-mouse IgG secondary antibody. Bands were visualized by ECL reagents (Perkin Elmer).
Skeletal preparation and radiograph examination
Mice at different ages were eviscerated and fixed in 100% ethanol. Skeletal morphology was analyzed by AR and AB staining, followed by tissue clarification with KOH by standard procedures (50) . To compare the morphology, the selected bones were isolated from the whole skeleton and photographed using a dissection microscope (Leica, CLS 150) with a digital camera (Zeiss, Axiocam HRC). For radiographic analysis, the adult animals were scarified, de-skinned and organs were removed. The calvaria were isolated. All of the specimens were fixed in 100% ethanol. After 4 days, the specimens were placed on X-ray film (Kozak) and X-rays were taken by Faxitron Specimen Radiography System Model Mx-20. The parameters were 20 s at 20 kV for whole body and 5 s at 20 kV for calvaria.
MicroCT
MicroCT was performed on selected bone specimens using a group of three wild-type (þ/þ) and three homozygous (neo7/neo7) 6-week-old male mice. All the data and images 
Histological examination
Calvaria, clavicle and long bone isolated from mice of different ages were fixed in phosphate-buffered saline (pH 7.4) containing 4% paraformaldehyde and embedded in paraffin. The tissues from adult mice were decalcified by incubation in 18% EDTA (pH 7.4) for 3-4 weeks prior to embedding. All of the embedded tissues were cut to 6 mm thick sections and dried on Superfrost Plus slides. Sections were stained with Toluidine Blue by the standard procedure and viewed with a microscope (Zeiss, Axionskop 40) . All images were captured with a digital camera (Zeiss, Axiocam HRC).
Quantitative real-time RT -PCR analysis
Total RNA was isolated from growth plate, calvaria tissue or isolated calvarial cells grown to confluency using TRIzol Reagent (Invitrogen) and reverse-transcribed by the method mentioned earlier. Quantitative real-time RT -PCR analysis was performed in an ABI PRISM 7000 Sequence Detector (Applied Biosystem) with the following parameters: 508C (2 min), 958C (10 min), followed by 40 cycle of 958C (15 s) and 608C (1 min). The gene expression levels of mouse calvaria tissue and growth plate were normalized to mHPRT and compared by the ddCT method. The molecular level of wild-type Runx2 and neo-Runx2 chimeric transcripts in cultured osteoblast cells was measured by the absolute standard curve method (51). Student's t-test was performed for significant difference comparison. Primers sequences for total Runx2, FL-Runx2 and other osteogenic marker genes can be found in Table 2 .
Cell culture and Alk Phos cytochemistry
Calvarial osteoblasts were isolated from wild-type (þ/þ) and homozygous (neo7/neo7) 1-day-old mice. Osteoblast cells were obtained and maintained as described previously (24, 52) . Cells were plated at a density of 1 Â 10 6 cells/ six-well plate. When the cells reached confluence, regular growth medium (aMEM supplemented with 10% FBS) was replaced with osteogenic media (BGJb supplemented with 10% FBS, 10 mM of b-glycerol phosphate and 25 mg/ml of ascorbic acid, first feeding, or 50 mg/ml of ascorbic acid, subsequent feeding) for differentiation assay. Cultured cells were stained for Alk Phos as described previously (53) at day 7, day 14 and day 21. The stained cells in individual well were visualized using a dissection microscope (Leica, CLS 150).
